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The aim of this study was to evaluate the effects of three metals (Zn, Cd and Pb) on hepatic
metallothionein (MT), cytochrome P450 1A (CYP1A) and vitellogenin (Vtg) mRNA expression in the
liver of adult female mosquitoﬁsh (Gambusia afﬁnis) after 1, 3 or 8 d. Both concentration-response and
time-course effects of hepatic MT, CYP1A and Vtg at the transcription level were determined by
quantitative real-time PCR. The results from this study showed that Zn, Cd and Pb could signiﬁcantly
induced MT, CYP1A and Vtg mRNA expression levels in mosquitoﬁsh. In general, this study demonstrated
that heavy metals modulate MT, CYP1A and Vtg mRNA expression levels in a metal-, concentration- or
time-dependent manner.
& 2014 Published by Elsevier Inc.
1. Introduction
In many aquatic systems, heavy metal contamination from
industrial, mineral mining and agricultural sources has been a
public concern due to their potential threat to aquatic organisms
(Chang et al., 2011; Lange et al., 2002; Vetillard and Bailhache,
2005). Essential metals like zinc and copper and nonessential
metals like cadmium and lead could be toxic to organisms above
certain concentrations (Chang et al., 2011). For many years, there
has been a lot of talk about “biomarkers”, however there are
several studies that have pointed out that the biomarkers tend to
not be very speciﬁc, rather a general response to any given stressor
(Huang et al., 2012; Rhee et al., 2009; Søfteland et al., 2010).
Molecular biomarkers are shifting from transcript response to post
transcriptional modiﬁcation markers, such as methylation, epige-
netics, and miRNA. Commonly used biomarkers include metal-
lothionein (MT) for exposure to heavy metals, cytochrome P450 1A
(CYP1A) for exposure to polycyclic aromatic hydrocarbon (PAH)
and vitellogenin (Vtg) for exposure to xenoestrogens (Sheader
et al., 2006).
MT is a low-molecular-mass and cysteine-rich protein with a
high afﬁnity for heavy metals and is found in a wide range of
prokaryotes and eukaryotes including plants, invertebrates and
vertebrates (Huang et al., 2012, 2011). It is considered to play an
essential role in the homeostatic regulation of essential metals and
in the detoxiﬁcation of non-essential metals and free radicals
produced by the metals (Lange et al., 2002; Xie and Klerks, 2004).
Some studies have indicated that MT is a sensitive biomarker to
assess the biological effects of heavy metal pollution in the
environment (Banni et al., 2005; Lange et al., 2002), although
other stressors have also been shown to inﬂuence MT expression
in ﬁsh (Huang et al., 2012; Rhee et al., 2009).
CYP1A is one of the most sensitive ﬁsh biomarkers after
exposure to PAH and structurally related compounds (Søfteland
et al., 2010). The inhibition of CYP1A-related ethoxyresoruﬁn-O-
deethylase (EROD) activity or CYP1A mRNA expression by heavy
metals has previously been shown in vertebrates and invertebrates
(Risso-de Faverney et al., 2000; Sheader et al., 2006; Søfteland et
al., 2010). However, Korashy and El-Kadi (2004) reported that
heavy metals alone did not signiﬁcantly alter the CYP1A activity
and protein levels but increased its mRNA expression in murine
hepatoma Hepa 1c1c7 cells. Due to the inconsistent and incon-
clusive results and unclear mechanisms about CYP1A expression in
organisms in response to heavy metals, therefore, further research
is needed to understand the possible effects of heavy metals on
CYP1A mRNA expression in organisms such as ﬁsh.
Many studies have shown that heavy metals could inﬂuence
the estrogen pathway in various tissues, but some responses
observed in various studies were different (Chang et al., 2011;
Martin et al. 2003; Søfteland et al., 2010; Vetillard and Bailhache,
2005; Zheng et al., 2010). For example, a previous study showed
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that Cd caused dose-dependent reproductive toxicity on Perinereis
nuntia by inhibiting sexual maturation, fertilization and zygote
hatching, and the increased expression of Vtg mRNA (Zheng et al.,
2010). But Chang et al. (2011) reported that Cd did not induce Vtg
protein expression in male Carassius auratus hepatocytes. Further-
more, Vetillard and Bailhache (2005) demonstrated that Cd
reduced the E2-stimulated mRNA expression levels of Vtg as well
as those of estrogen receptor α (ERα) in the liver of juvenile
rainbow trout (Oncorhynchus mykiss). The contrasting ﬁndings
reported in the literatures have prompted us to further investigate
the estrogenic responses of heavy metals by assessing Vtg mRNA
expression in ﬁsh.
Mosquitoﬁsh (Gambusia afﬁnis) was selected for use as the test
organism in the present study because it is widely distributed in
freshwater systems including contaminated water environment
throughout South China. In addition, this ﬁsh species possesses
high reproductive potential and has been considered as a repre-
sentative of secondary consumers in aquatic ecosystems (Annabi
et al., 2012). These advantages make this species a suitable model
to study ecotoxicology. Considering the relative lack of information
about the effect of heavy metals on MT, CYP1A, and Vtg expression
in mosquitoﬁsh, this study aimed to evaluate the expression
patterns of those biomarker genes in the liver of adult female
mosquitoﬁsh following the exposure to different concentrations of
Zn, Cd and Pb for 1, 3 and 8 d. The overall results of this study are
expected to enhance the understanding of the molecular mechan-
isms of those biomarkers in mosquitoﬁsh in response to the heavy
metals.
2. Materials and methods
2.1. Chemical reagents
ZnSO4, CdCl2 and Pb(NO3)2 were purchased from XILONG Chemical Co. (CHINA)
with a purity of 99.0%, 99.0% and 99.5%, respectively. Stock solutions of ZnSO4,
CdCl2 and Pb(NO3)2 were prepared by dissolving the compounds in Mili-Q water at
a concentration of 10 mM, 10 mM and 15 mM, respectively. All other chemical
reagents used were of analytical or HPLC grade.
2.2. Experimental ﬁsh
Adult female mosquitoﬁsh (approximately 24–30 mm long) were captured in
March 2010 from the upstream of Liuxi River, which is located at Conghua town of
Guangzhou city, southern China. It is protected from pollution and used as the
drinking water source for Guangzhou city (Xie et al., 2010). In the laboratory, ﬁsh
were acclimated for three weeks in 40 L tanks with aerated recirculating tap water
under the conditions of 2471 1C and a natural photoperiod. The ﬁsh were fed
commercially available ﬂake red worms (Binhai, Tianjin, China) daily. Residual bait
and feces in the glass aquaria were removed daily.
2.3. Exposure of ﬁsh to heavy metals
After three weeks of acclimatization period, ﬁfteen healthy adult female
mosquitoﬁsh were chosen at random and transferred to 12-litre glass aquaria,
where they were immersed in 5 L tap water (total hardness: 58–72 mg/L CaCO3)
containing different concentrations of Zn (2, 10, 20 or 40 μM), Cd (0.05, 0.25, 0.50 or
1.00 μM) or Pb (0.3, 1.5, 3.0 or 6.0 μM) for 1, 3 and 8 d. Control ﬁsh were immersed
in 5 L tap water without heavy metals. Three replicate tanks at each treatment
were used. The concentrations of heavy metals used in the current study were
chosen based on previous studies for mosquitoﬁsh (Annabi et al., 2012; Klerks and
Lentz, 1998). The experiment was performed under the static condition and the
treatment water was replaced with freshly prepared treatment water every other
day. During the experimental period, mosquitoﬁsh were fed commercially available
ﬂake red worms (Binhai, Tianjin, China) once daily, and the water temperature was
maintained at approximately 2471 1C with a 12:12 light:dark photoperiod.
Residual bait and feces in the glass aquaria were removed daily. After 1, 3, and
8 d of exposure, mosquitoﬁsh were anaesthetized using 0.01% tricaine methane-
sulfonate, and the liver was collected from four female individuals in each tank and
mixed in RNA later (Sigma) at 20 1C until further analysis.
2.4. Heavy metal analysis in water
The concentrations of heavy metals were determined in each tank prior to start
of ﬁsh exposure. Brieﬂy, water samples (100 mL) were collected from the tanks,
ﬁltered (0.45 μm), acidiﬁed to pH 2.5 with HCl, and stored in the dark at 4 1C. The
actual concentrations of Zn, Cd or Pb were determined by an atomic absorption
spectrophotometer (Z-5000, Hitachi) according to the Chinese standard methods
(EPAC, 2002). The measured mean concentrations of heavy metals in each treat-
ment are given in Table 1. Data are presented as means7standard error (S.E.) from
three parallel samples in each treatment.
2.5. Real-time RT-PCR analysis
Target gene mRNAwas quantiﬁed with quantitative real-time PCR. This method
was described in detail by Huang et al. (2013, 2012). Brieﬂy, total RNAwas extracted
from the mixed liver of four ﬁsh in each tank by Trizol reagent (Invitrogen, USA) as
described by the manufacturer's instructions. The quality of total RNA was checked
by electrophoresis on agarose gel stained with gelred (Biotium, USA) and measur-
ing the optical density at 260/280 nm. A ratio of 1.8–2.0 is accepted as pure for
further reverse transcription. Approximately 1 μg of DNase-treated total RNA was
reverse transcribed to complementary DNA (cDNA) with an oligo(dT) primer and
SuperScripts First-Strand Synthesis System (Invitrogen, China). The reaction was
incubated at 42 1C for 60 min using a S1000 PCR instrument (BIO-RAD). The ﬁrst
strand cDNA was diluted to a ﬁnal volume of 100 μL by adding 80 μL nuclease-free
water and stored at 20 1C for subsequent real-time PCR.
All real-time quantitative PCR analyses were carried out using ABI 7500 (ABI)
with THUNDERBIRD SYBRs qPCR Mix (Toyobo, Japan) following procedures
recommended by the manufacturer. The ampliﬁcation was set at 20 μL, each
reaction containing 10 μL of real-time PCR Master Mix, 0.6 μL of each of the
forward and reverse primer (10 μM), 4 μL of cDNA and 4.8 μL of nuclease free water.
Nuclease-free water for the replacement of cDNA template was used as a negative
control. The speciﬁc primers used for the real-time quantitative PCR were shown in
Table 2. Primer Premier 5.0 (Premier) was used for primer design. The thermal
protocol was as follows: 1 min at 95 1C, followed by 40 cycles (15 s at 95 1C and 40 s
at 60 1C). A melting curve analysis of PCR products was performed from 60 to 95 1C
in order to ensure gene-speciﬁc ampliﬁcation. All the data are expressed relative to
β-actin, which was used as a housekeeping reference to normalize gene expression
levels in each sample (Huang et al., 2013, 2012). Fold change in the gene expression
relative to the controls was calculated according to the standard 2ΔΔCt method
described by Livak and Schmittgen (2001).
2.6. Statistical analysis
Data are presented as means7standard error (S.E.) from three separate
experiments in each treatment. Data statistical analyses were carried out by SPSS
13 software. Differences between mean values were analyzed by one-way analysis
of variance followed by Duncan's test. The effect of heavy metal treatment and time
on gene expression was analyzed by two-way ANOVA, using heavy metal treatment
as one independent variable, and time as the second variable. The differences were
considered signiﬁcant when Po0.05.
Table 1
The nominal and actual concentrations (μM) of heavy metals in each treatment (n¼3).
Zn nominal
concentration
Zn actual
concentration
Cd nominal
concentration
Cd actual
concentration
Pb nominal
concentration
Pb actual
concentration
0 0.06970.012 0.00 0.00570.002 0.0 0.07470.011
2 1.80270.022 0.05 0.04070.002 0.3 0.33870.065
10 9.97170.556 0.25 0.21170.006 1.5 1.29270.077
20 19.34570.712 0.50 0.43070.011 3.0 2.64870.039
40 37.75170.940 1.00 0.87170.003 6.0 5.58970.080
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3. Results
3.1. Expression of MT gene in mosquitoﬁsh exposed to heavy metals
In the exposure experiments, the three metals (Zn, Cd and Pb) at all
exposure concentrations were found not lethal to the test species
mosquitoﬁsh. Heavy metal exposure time and concentration have
signiﬁcant effect on MT, CYP1A and Vtg mRNA expression in mosqui-
toﬁsh (Figs. 1–3). A signiﬁcantly joint effect could be found between
heavy metals and exposure time on MT, CYP1A and Vtg mRNA
expression levels of mosquitoﬁsh (two-way ANOVA, Po0.05) (data
not shown).
Treatment with Zn signiﬁcantly inhibited MT mRNA expression
levels in the liver following 1 d of treatment (Fig. 1A). However, a
signiﬁcant induction in MT mRNA expression levels was observed
following treatment with 10 μM Zn for 3 d and treatment with
10 μM and 20 μM Zn for 8 d (Fig. 1A). A signiﬁcant increase was
observed only at the highest concentration of Cd (1.00 μM) after
1 d of treatment (Fig. 1B). Morevoer, Cd treatments at all concen-
trations signiﬁcantly increased MT mRNA expression level follow-
ing 3 d of treatment, but signiﬁcant inhibition in MT mRNA
expression levels was observed at 8 d following treatment with
0.25 μM Cd (Fig. 1B). MT mRNA expression levels were signiﬁcantly
up-regulated in mosquitoﬁsh exposed for 3 d to 0.3 μM and 6.0 μM
Pb and for 8 d to 0.3 μM Pb as compared to the control (Fig. 1C).
3.2. Expression of CYP1A gene in mosquitoﬁsh exposed to heavy metals
Signiﬁcant inhibition of CYP1A mRNA expression was observed
at 2 μM and 10 μM Zn after 1 d but signiﬁcant increase in the
amount of CYP1A mRNA was found at 10 μM and 20 μM Zn after
3 d and at 10 μM Zn after 8 d (Fig. 2A). CYP1A mRNA expression
levels were signiﬁcantly up-regulated in mosquitoﬁsh exposed for
1 d to 0.25 μM and 1.00 μM Cd, for 3 d to 0.05 μM Cd and for 8 d to
1.00 μM Cd (Fig. 2B). CYP1A mRNA expression levels were sig-
niﬁcantly increased following treatment with 3.0 μM Pb for 1 d
and treatment with 0.3 μM Pb for 3 d (Fig. 2C). Moreover, the
signiﬁcant up-regulation of CYP1A mRNA was also found after 8 d
of exposure to Pb except 1.5 μM Pb (Fig. 2C).
3.3. Expression of Vtg gene in mosquitoﬁsh exposed to heavy metals
With the exception of 10 μMZn after 3 d and 2 μM Zn after 8 d, all
other Zn concentrations signiﬁcantly inhibited Vtg mRNA expression
at all time points examined (Fig. 3A). A signiﬁcant up-regulation of
Vtg mRNA could be observed after exposure to 0.05 μM Cd when
compared to the control at all time-points examined (Fig. 3B).
Transcription of Vtg was up-regulated with respect to the control
after 3 d of exposure to Pb except 3.0 μM Pb (Fig. 3C).
4. Discussion
4.1. Modulation of MT gene expression
In the present study, MT mRNA expression levels in the liver of
mosquitoﬁsh exhibited differential responsiveness to the three
metals tested, suggesting that different underlying biological
regulatory processes are operating for each metal tested. The
difference in expression patterns of MT gene to different heavy
metals have previously been documented in many other ﬁsh
Table 2
List of primers used for real-time quantitative PCR in western mosquitoﬁsh.
Gene Accession no. Forward primer (50-30) Reverse primer (50-30) Length (bp)
MT AB455145 CTGCTCTTGCTGCCCATCA AGCCCTTGTCGCAGGTCTTC 77
CYP1A AB371607 GTCTGTCGTGGGCAGTGATGTA GGTATGAGGAATGACGGAAGAGC 171
VtgA AB181835 CCTCCAACCCAGTCAAATCATC GATGTAGGCACCGTTTTCACTG 206
β-Actin AB182330 GATCTGGCATCACACCTTCTACAA CGTACATGGCAGGAGTGTTGAA 149
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Fig. 1. Expression patterns of MT mRNA in the liver of adult female western
mosquitoﬁsh (G. afﬁnis) after exposure to Zn (A), Cd (B) or Pb (C) for 1, 3 and 8 d.
The relative mRNA expression levels of MT gene as expressed by 2ΔΔCt were
determined for each group and vertical bars represented the mean7S.E. (n¼3).
The symbol n indicates signiﬁcantly altered expression compared to the respective
control at a particular time (Po0.05). The symbol # indicates signiﬁcantly altered
expression compared to 1 d at a particular treatment (Po0.05).
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species (Cho et al., 2008; Mireji et al., 2010; Rhee et al., 2009), and
the reason for the variable responses to different heavy metals
may be partly due to differences in the interactions between the
metals and metal-binding transcription factors (MTFs) (Boldrin,
et al., 2002; Mireji et al., 2010). However, there are a lot of other
factors (such as water chemistry, non-competitive binding and
dissolved organic carbon) prior to metals binding with MTFs that
may inﬂuence MT mRNA expression directly or indirectly. The
present study also showed that MT mRNA expression levels in
mosquitoﬁsh are inducible by Zn, Cd and Pb. The up-regulation of
MT mRNA expression in mosquitoﬁsh in response to heavy metals
is not surprising because many previous studies have demon-
strated that heavy metals can induce MT mRNA or protein
expression in other ﬁsh (Man and Woo, 2008; Rhee et al., 2009).
The induction of MT mRNA expression in mosquitoﬁsh might be
implicated in the endogenous defense against heavy metal toxi-
city. In general, the up-regulation of MT mRNA expression after 3 d
of exposure and then down-regulation in longer exposure has
been observed in mosquitoﬁsh. This might be due to saturation or
adaptive process of the metal burden in the liver of mosquitoﬁsh
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Fig. 2. Expression patterns of CYP1A mRNA in the liver of adult female western
mosquitoﬁsh (G. afﬁnis) after exposure to Zn (A), Cd (B) or Pb (C) for 1, 3 and 8 d.
The relative mRNA expression levels of MT gene as expressed by 2ΔΔCt were
determined for each group and vertical bars represented the mean7S.E. (n¼3).
The symbol n indicates signiﬁcantly altered expression compared to the respective
control at a particular time (Po0.05). The symbol # indicates signiﬁcantly altered
expression compared to 1 d at a particular treatment (Po0.05).
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Fig. 3. Expression patterns of Vtg mRNA in the liver of adult female western
mosquitoﬁsh (G. afﬁnis) after exposure to Zn (A), Cd (B) or Pb (C) for 1, 3 and 8 d.
The relative mRNA expression levels of MT gene as expressed by 2ΔΔCt were
determined for each group and vertical bars represented the mean7S.E. (n¼3).
The symbol n indicates signiﬁcantly altered expression compared to the respective
control at a particular time (Po0.05). The symbol # indicates signiﬁcantly altered
expression compared to 1 d at a particular treatment (Po0.05).
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(Cho et al., 2008). It may also be possible that after a longer
exposure metal accumulation might have reached a toxic thresh-
old limit and thus MT biosynthesis was compromised (Rhee et al.,
2009). After 1 d of exposure, signiﬁcant inhibition in MT mRNA
expression was observed in mosquitoﬁsh in response to all
concentrations of Zn, which was also found in 0.25 μM Cd-
exposed mosquitoﬁsh. The inhibition of MT mRNA expression in
mosquitoﬁsh by Zn and Cd was unexpected. Such a limited
increase of MT mRNA expression in mosquitoﬁsh during metal
exposure may be explained by that not much increase in metal
body burden occurred due to a relatively short exposure time.
4.2. Modulation of CYP1A gene expression
Although many studies have shown that heavy metals could
inhibit EROD activities in vertebrates and invertebrates (Risso-de
Faverney et al., 2000; Sheader et al., 2006), very little information
is known about the regulation of CYP1A1 mRNA expression by
heavy metals (Korashy and El-Kadi, 2005, 2004; Sorrentino et al.,
2005). The present results showed that all the three metals tested
altered CYP1A mRNA expression in mosquitoﬁsh to varying
extents in a concentration- and time-dependent manner, which
indicated the involvement of different molecular processes in
mosquitoﬁsh in response to heavy metals. In addition, the present
study also demonstrated that heavy metals could induce CYP1A
mRNA expression levels in mosquitoﬁsh. In previous studies,
Korashy and El-Kadi (2005, 2004) have demonstrated that heavy
metals can directly induce CYP1A mRNA expression in an AHR-
dependent manner. However, heavy metals do not exhibit any
structural properties and similarities to classical AHR-ligands,
suggesting that they could be novel non-classical inducers of
AHR. Thus, the induction in CYP1A mRNA expression in mosquito-
ﬁsh exposed to heavy metals might be through the activation of
endogenous ligands which activate the AHR (Korashy and El-Kadi,
2004). Nevertheless, an inhibitory effect of heavy metals on CYP1A
mRNA expression was also shown in mosquitoﬁsh in response to
Zn after 1 d. CYP1A mRNA expression in mosquitoﬁsh was inhib-
ited by exposure to Zn is difﬁcult to link to known mechanisms of
Zn toxicity. However, in previous studies, signiﬁcant inhibition of
CYP1A mRNA expression was also observed in ﬁsh in response to
heavy metals (Sheader et al., 2006; Søfteland et al., 2010).
4.3. Modulation of Vtg gene expression
Some previous studies have suggested that heavy metals had
endocrine disrupting activity in different vertebrate species (Annabi
et al. 2012; Søfteland et al., 2010; Vetillard and Bailhache 2005). In the
present study, the results showed that heavymetals could regulate Vtg
mRNA expression levels in mosquitoﬁsh. However, too high or low
levels of Vtg mRNA expression in mosquitoﬁsh in response to heavy
metals may have disrupted the normal development of the oocytes of
this species, leading to dysfunctionning in the reproduction and
development. Thus, the change of Vtg mRNA expression in female
mosquitoﬁsh is therefore a warning of possible disruption to normal
reproductive function (Martín-Díaz et al., 2008). In addition, signiﬁcant
up-regulation of Vtg mRNA expressionwas also observed in mosquito-
ﬁsh in response to Zn, Cd and Pb, suggesting that the three metals
tested have estrogenic activity in mosquitoﬁsh. Signiﬁcant induction of
Vtg mRNA expression in the present study support previous ﬁndings
obtained with primary hepatocytes of Atlantic cod (Gadus morhua)
exposed to Cd (Søfteland et al., 2010) and mature intermoult female
Carcinus maenas exposed to Pb and Zn (Martín-Díaz et al. 2008).
In general, exposure to Zn appeared to inhibit the Vtg mRNA
expression in mosquitoﬁsh. In addition, the results of the present
study showed that the decrease in Vtg mRNA expression was
associated with a down-regulation in MT and CYP1A mRNA in
mosquitoﬁsh after 1 d of exposure to Zn. Perhaps Zn is causing cellular
damage through other means resulting in apoptosis of cells, which can
result in a signiﬁcant reduction in transcript abundance. This could
also be related to diversion of energy due to the initial stress response
of a toxic effect. The regulation of Vtg mRNA expression in mosquito-
ﬁsh in response to heavy metals may be through an estrogen receptor
(ER)-dependent manner. In previous studies, Cd has been found to be
able to interact with ERα, either inducing (Stoica et al., 2000) or
inhibiting (Vetillard and Bailhache, 2005) its mRNA expression levels
in ﬁsh, whichmight explain some of the effects of heavy metals on Vtg
mRNA expression in mosquitoﬁsh.
5. Conclusions
The results presented herein demonstrated that heavy metals
(Zn, Cd and Pb) modulate MT, CYP1A and Vtg mRNA expression
levels in mosquitoﬁsh in a time-, concentration-, and metal-
dependent manner. These effects could result in misjudgment
when the induction of CYP1A and Vtg mRNA expression in
mosquitoﬁsh is used as a biomarker for exposure to AHR and ER
agonists respectively in the environment. Therefore, further
research is necessary on the combination effects of heavy metals,
polycyclic aromatic hydrocarbon and xenoestrogens on MT, CYP1A
and Vtg mRNA expression in mosquitoﬁsh if this species are to be
used as biomarkers in aquatic environments.
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